Under normal physiological conditions activation of nitric oxide synthases produces both nitric oxide and superoxide in equimolar concentrations (Figure 1 ). We propose a hypothesis that in hypoxia-reoxygenation injury this balanced co-production of nitric oxide and superoxide is disturbed and results in pathological effects. Specifically, under hypoxic conditions nitric oxide synthase is activated, resulting in a relative excess of free nitric oxide as compared to superoxide. This imbalance with excess nitric oxide results in cytotoxicity. This excess of nitric oxide can be neutralized by an exogenous source of superoxide generating system, with resultant cytoprotection. The reverse occurs during reoxygenation, when increased superoxide is generated secondary to the action of xanthine oxidase. This excess of superoxide is accompanied by reduced free nitric oxide levels due to deactivation of nitric oxide synthase and the scavenging effect of molecular oxygen. During reoxygenation exogenous nitric oxide therefore restores balance by neutralizing superoxide and thus attenuating its cytotoxicity. In this review arguments are presented in support of this provocative hypothesis.
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Nitric oxide (NO) is a recently recognized messenger
BH4 +FMN + FAD) Fig. 1 . Activation of nitric oxide synthase (NOS) in the presence of an optimal concentration of oxygen produces equimolar concentrations of superoxide (OJ) and nitric oxide (NO). NADPH, tetrahydrobiopterin and flavins are cofactors for this reaction. [4] . NO is produced by these constitutive enzymes when Ca 2+ -calmodulin interaction permits electron transfer from NADPH via flavin groups within the enzyme to a haem-containing active site [4] . This activation is very short lived. In contrast, vascular smoth muscle cell /hepatocyte and macrophage isoforms are only expressed when the cells have been induced by certain cytokines, microbes and microbial products, and are therefore called inducible NOS (iNOS) [5] . iNOS expression results in sustained production of NO. Unlike cNOS, iNOS activity is believed to be insensitive to cellular Ca 2+ transients since calmodulin is tightly bound to the molecule. Once synthesized, iNOS remains tonically activated producing NO continuously for the life of the enzyme [6] . Alterations in NO synthesis have been incriminated in several pathophysiological conditions, including arterial hypertension and progression of renal failure [7] , septic shock [8] , diabetic renal disease [9] , various inflammatory, autoimmune and degenerative disorders [10] and neuronal destruction in vascular stroke and other neurodegenerative conditions [11] .
Both constitutive and inducible isoforms of NO synthases have been identified in the kidney, specifically in macula densa cells, inner medullary collecting duct, and proximal tubular cells, endothelium and mesangial cells [12, 13] . In the kidney physiological amounts of NO have an important role in renal haemodynamic regulation and sodium and water excretion [14] .
The use of freshly isolated proximal tubules in suspension [15] allows the study of tubular epithelial cells in the absence of other sources of NO such as endothelial cells, mesangial cells, and neutrophils.
Using this model of hypoxia in rat proximal tubules, we have provided both direct and indirect evidence that NOS activity and NO production is increased during hypoxia [16] [17] [18] . In these studies plasma membrane damage, as assessed by lactic dehydrogenase (LDH) release into the medium during hypoxia, was prevented by a non-selective NOS inhibitor nitro-Larginine-methyl-ester (L-NAME), a NO scavenger (haemoglobin) and inhibition of tetrahydrobiopterin synthesis an essential cofactor for NOS activity. Additionally, a further increase in hypoxic injury was observed when the NO synthase substrate, L-arginine, was added to hypoxic tubules. Furthermore, a temporal relationship between hypoxia-induced cell injury and NO release was established by using a NO selective sensor to perform direct and continuous measurements of NO in a proximal tubule cell suspension during normoxia and hypoxia [17] . Moreover, the specific isoforms of NOS activated during hypoxia have been identified [19] . Using functional experiments with selective NOS inhibitors, varying Ca 2+ levels and immunoblotting tubular extracts with specific antibodies revealed the presence of neuronal and endothelial NOS but failed to detect iNOS. The results of this study [19] suggests that the early hypoxia-induced NO rise is secondary to activation of constitutive NOSs by an early rise in cytosolic Ca 2+ which has been shown to occur during hypoxia [20] . Interestingly, these results in proximal tubular cells are in agreement with the effects of oxygen deprivation on constitutive NOS activation in neuronal cells where it has been implicated in ischaemic brain injury [21] .
In addition to NO, NOS can generate superoxide because it contains recognition sites for the flavins (FAD, FMN) ( Figure 1 ) [22] . Activation of NOS in the presence of an optimal concentration of oxygen produces superoxide and NO in equimolar concentration [22] . Depending upon the relative concentrations of NO, O2~ and availability of free oxygen several end products can be produced such as nitrites/nitrates, peroxynitrite (potent oxidant, a metabolic end product of NO and O 2~) and free NO [23] . It appears that a fine balance between the generation of superoxide and NO synthesis exists in the intact cell under physiological conditions. Excessive generation of either free NO, peroxynitrite, or both in pathological states are potentially toxic [22] [23] [24] . However, it is interesting to note that xanthine oxidase/xanthine in the dose to provide exogenous superoxide [25] during hypoxia ameliorated tissue injury in parallel with an inability to detect free NO (Figure 2 ). Cytoprotection against NO induced injury by superoxide despite increased peroxynitrite favors free NO as a mediator of cell injury under hypoxic conditions. Similarly, Furchgott et al. have recently demonstrated a reversal of NO induced aortic ring relaxation by xanthine plus xanthine oxidase, a superoxide generator in the absence of cell injury [26] . These observations favour the hypothesis that a restoration of the imbalance between free NO and superoxide during hypoxia is capable of preventing cytotoxicity (Figure 3) . . Reactive oxygen species (superoxide radical, hydrogen peroxide, and hydroxyl radical) have been implicated in contributing to reperfusion injury of a variety of organs including the central nervous system, myocardium, gut, skeletal muscle, skin and kidneys [27, 28] . In conditions of suboptimal oxygen concentrations activation of a calcium-dependent protease induces a transformation of xanthine dehydrogenase to oxidase [29] . During reoxygenation xanthine oxidase will accept oxygen as electron acceptor and convert xanthine (derived from nuclear DNA) to hypoxanthine and uric acid, with production of the superoxide radical. Considerable indirect evidence has been put forth to support the role of oxygen free radicals in mediating postischemic renal injury. Using in vivo models, a renal protective role of several free radical scavengers and antioxidants have been demonstrated [28] . These studies have limitations in that the relative contribution of free radicals from different potential tissue sources such as endothelial, renal epithelial, mesangial cells, and neutrophils cannot be ascertained. However, Paller et al. [30] were able to demonstrate increased production of reactive oxygen species in the posthypoxia-reperfusion injury in primary rat proximal tubular cell cultures. The production of superoxide radical was most markedly increased in the first 5 min of reoxygenation. Despite differences in the experimental conditions between our own model of freshly isolated intact proximal tubules and primary cell culture in a subconfluent stage, their findings are nonetheless very interesting. Firstly, measurements for reactive species and cell damage were made at the end of reoxygenation phase rather than post-hypoxic stage. In this regard, we were unable to show any increase in superoxide radical immediately after hypoxic phase [31] . Secondly, Paller et al. [30] were only able to partially reverse cell injury by free radical scavengers suggestive of a non-reversible component of hypoxiareoxygenation injury already inflicted during hypoxic phase by nitric oxide. These observations favour the viewpoint that during reoxygenation a relative excess of reactive oxygen species produced sequentially via superoxide results in an unbalanced condition between superoxide radical and nitric oxide. During the reoxygenation phase NO levels tends to fall due to inactivation of NOS and conversion of NO to non-injurious nitrites/nitrates secondary to a reaction with molecular oxygen. This view is further supported by recent observations that cellular damage mediated by excessive superoxide production in an in-vitro postischaemia-reperfusion model in a lung fibroblast cell line is attenuated by exogenous nitric oxide [32] , thus highlighting the antioxidant potentials of free NO during reoxygenation phase [33] . Again resultant peroxynitrite produced as a result of reaction between NO and superoxide radical does not seem to be toxic under hypoxia-reoxygenation conditions. In this regard, toxicity of peroxnitrite is dependent upon several factors including pH, solvent viscosity and temperature [34] . These factors may not be operative under hypoxia-reoxygenation. 1745 In conclusion, cumulative data from multiple studies present a convincing case in favour of our proposed hypothesis: Nitric oxide and Superoxide Radical Imbalance Causing Cytotoxicity. These observations when fully confirmed may have substantive therapeutic potential about the exact time and type of intervention during hypoxia-reoxygenation injury.
